Introduction
The adult mouse small intestine is lined with a selfrenewing epithelium. This monolayer is composed of four principal cell lineages, all derived from a multipotent stem cell (Cheng and LeBlond, 1974c) . Proliferation is con®ned to mucosal invaginations known as crypts of LieberkuÈ hn. Each crypt has an average height of 25 cell layers and an average steady state cellular population of 250 (Wright and Alison, 1984) . The stem cell is thought to occupy a niche located at or near the ®fth cell stratum above the crypt base (Bjerknes and Cheng, 1981) . While the precise number of active multipotent stem cells present in each adult crypt remains a subject of speculation (estimates currently range from 4 ± 16), it appears that the stem cell and its immediate descendants are arranged in a functional hierarchy where hierarchical position is related to topologic position in the crypt (Potten and Loeer, 1990; Loeer et al., 1993) . The stem cells give rise to daughters that undergo 4 ± 6 rounds of cell division and together form a cohort of *150 rapidly cycling (S-phase=7 ± 8 h; T c =12 h) transit cells located in the mid-portion of the crypt (Chwalinski et al., 1988; Potten and Loeer, 1990) . Each small intestinal villus contains epithelial cells derived from several crypts which encircle its base (Wright and Irwin, 1982) . Dierentiation of each epithelial lineage occurs during an orderly migration. Absorptive columnar enterocytes comprise 480% of all epithelial cells (Cheng and LeBlond, 1974a) . Enterocytes, goblet, and enteroendocrine cells emerge from a crypt and complete their terminal dierentiation in 2 ± 5 days as they move up an adjacent villus in vertical coherent columns (Cheng, 1974a; Cheng and LeBlond, 1974a, b, c; Schmidt et al., 1985) . When mature cells approach the villus tip, they are removed by apoptosis and/or exfoliation . Paneth cells have a lifespan of *20 days. They dierentiate as they migrate from the stem cell zone down to the crypt base where they are subsequently eliminated by phagocytosis (Cheng, 1974b) .
The fact that a crypt-villus unit is able to establish and maintain such a spatially well organized continuum of proliferation, dierentiation, and death throughout the lifespan of the mouse makes it an attractive in vivo model system for examining how these processes are controlled and coordinated. For example, as enterocytes exit the crypt, there is a rapid decline in the levels of two important regulators of the G 1 /S transition, cyclin D1 and cdk2. However, there is no appreciable change in the concentration of their partners, cdk4 and cyclin E, suggesting that these short-lived terminally differentiated cells may never enter G 0 but rather remain poised in G 1 (Chandrasekaran et al., 1996) . Enterocytic dierentiation is also accompanied by an induction of expression of two anti-apoptotic mediators, Bcl-2 and Bcl-x L , and a suppression of the pro-apoptotic regulator, Bak (Krajewski et al., 1994a, b; Coopersmith et al., 1997) .
The continuum of proliferation, dierentiation, and death expressed along crypt-villus units also makes it an attractive in vivo model for identifying the factors that in¯uence cellular responses to ionizing radiation (IR). IR induces an *40-fold increase in crypt apoptosis. The apoptotic response is greatest in epithelial cells located near the putative stem cell niche and diminishes progressively as one moves up the crypt through its transit cell zone where proliferation is greatest (reviewed in Potten, 1990 Potten, , 1992 Potten et al., 1994) . Highest levels of cell death are noted 3 ± 6 h after IR, with a second peak occurring at 24 h . IR-induced crypt apoptosis is associated with an upregulation of p53 and requires this protein Clarke et al., 1994; McCallum et al., 1997) . In contrast, no apoptotic response to IR is seen in post-mitotic villus enterocytes. A reduction in villus cellularity and height occurs 3 ± 4 days after moderate or high doses of gamma irradiation, but is a consequence of the earlier (primary) eect on crypt cells (Potten, 1990) . Immunohistochemical studies have failed to detect any alterations in villus epithelial p53 expression after IR (McCallum et al., 1997) .
Although non-dividing thymocytes and parotid gland acinar cells are radiosensitive (Sellins and Cohen, 1987; Stephens et al., 1989) , the majority of radiation-induced apoptosis occurs in proliferating cell populations (Dewey et al., 1995) . The exit of enterocytes from active cell division and their terminal dierentiation on the villus have been proposed to underlie their radioresistance (Potten, 1990) .
The question of what mechanisms are responsible for acquisition of radioresistance can also be viewed in the context of the broader issue of whether regulation of intestinal epithelial homeostasis is largely cell autonomous or non-autonomous. For example, is the apoptotic response to IR modulated by extracellular signals (e.g. from the extracellular matrix, Frisch and Francis, 1994; Ruoslahti and Reed, 1994; Pullan et al., 1996) , and are these signals dierent at dierent positions along the crypt-villus axis? Alternatively, is the apoptotic response a re¯ection of wholly intrinsic cellular signaling pathways activated by this form of genotoxic stress? Is there cross-talk between dierent regions of the crypt-villus axis that aects the apoptotic response in a speci®c region? With these thoughts in mind, we have genetically engineered alterations in the proliferative status and state of dierentiation of enterocytes and examined their sensitivity to IR-induced apoptosis. This was accomplished by irradiating transgenic mice that express wild type (Wt) or mutant SV40 large T antigens (TAg) in their villus enterocytes, with or without an oncogenic form of human K-ras commonly found in intestinal neoplasms (K-ras Val12 , Fearon and Vogelstein, 1990).
Results
Villus enterocytes do not undergo IR-induced apoptosis even when forced to return to the cell cycle Quantitative TUNEL and morphologic assays disclosed that when adult FVB/N mice receive 6 Gy or 12 Gy of whole body gamma irradiation (moderate and high doses as de®ned in Potten, 1990) , there is no stimulation of apoptosis in their villus epithelium. This is true whether animals are homozygous for wild type or null alleles of the p53 gene and whether they are examined 4 h or 24 h after either of the two doses of IR (Figure 1a , b plus data not shown).
To determine whether exiting the cell cycle contributes to the radioresistance of villus enterocytes, we examined transgenic mice with a proliferative abnormality in this lineage. Nucleotides 71178 to +28 of the rat intestinal fatty acid acid binding protein gene (Fabpi) have been used to express a variety of foreign gene products in post-mitotic villus enterocytes distributed along the length of the small intestine of adult FVB/N animals (e.g. Cohn et al., 1992; Kim et al., 1993; Hermiston et al., 1996) . Fabpi-reporter expression is restricted to the enterocytic lineage, is activated just as enterocytes emerge from the crypt, and is sustained as these cells complete their upward migration to the villus' apical extrusion zone. Highest levels of Fabpi-reporter expression occur in the proximal quarter of the distal half of the small intestine (distal jejunum). We previously noted that Fabpi-directed expression of wild type SV40 TAg (SV40 TAg Wt ) causes villus enterocytes to re-enter the cell cycle (Hauft et al., 1992) . Re-entry occurs along the entire length of the villus (Figure 2a ± c) and is accompanied by a reduction in cellular levels of hypophosphorylated pRB and an induction of cyclin D1 and cdk2 (Chandrasekaran et al., 1996) . Re-entry is associated with only minimal changes in the state of cellular dierentiation as judged by immunohistochemical studies employing a large panel of lectins and antibodies (Chandrasekaran and Gordon, 1993; Falk et al., 1994; Bry et al., 1996) . The ratio of S-phase to Mphase cells in the jejunal villi of these mice is *threefold greater than in their crypts, indicating that cell cycle kinetics are dierent in`dierentiated' villus enterocytes compared to less dierentiated crypt epithelial cells (Chandrasekaran et al., 1996) . Re-entry is also accompanied by a 2 ± 3-fold increase in apoptosis (e.g. Figure 1a ). Apoptotic cells are distributed from the lower third to the tip of the villus. Crosses to p53 7/7 animals established that removal of p53 has no statistically signi®cant eect on the extent of proliferation or on the SV40 TAg Wt -induced apoptosis (Chandrasekaran et al., 1996) . Studies of FVB/N transgenic mice with Fabpi-directed expression of a mutant SV40 TAg containing Glu 107, 108 ?Lys substitutions (SV40 TAg K107/8 ) that block its ability to bind pRB revealed that the cell cycle re-entry is pRB-dependent and that domains in the viral oncoprotein outside of its pRB binding region are not sucient to induce apoptosis (Chandrasekaran et al., 1996) .
Postnatal day (P) 42 to P60 FVB/N Fabpi-SV40 TAg Wt mice received 6 Gy and 12 Gy of whole body gamma irradiation. Animals were pulse labeled with BrdU 2.5 h after irradiation and then sacri®ced 1.5 h later. The number of BrdU-positive cells in sections of distal jejunal villi decreased *40% 4 h after irradiation (45.0+3.6 cells (nonirradiated) versus 28.1+1.4 cells (irradiated); P50.05). The decrease in M-phase cells was more marked (tenfold from 0.3+0.05 to 0.03+0.004 cells/longitudinally sectioned villus). The more marked decrease in M-phase compared to Sphase cells mimicked the response of the crypt to IR (e.g. M-phase cells/crypt section declined sixfold from 0.3+0.06 (nonirradiated) to 0.05+0.005 (irradiated)). These results suggest that like normal cycling crypt epithelial cells, cycling SV40 TAg Wt -positive villus enterocytes respond to IR by arresting at G 2 /M. Nonetheless, quantitative analysis of cell death using both morphologic criteria and the TUNEL assay disclosed no statistically signi®cant dierences in levels of villus epithelial apoptosis between irradiated and nonirradiated age matched Fabpi-SV40 TAg Wt animals 4 or 24 h after treatment with 6 or 12 Gy (Figure 1a plus data not shown). This was true with mice homozygous for wild type or null alleles of the p53 gene (n=4 ± 5 mice/group/time point/dose) ( Figure 1b plus data not shown).
Normal FVB/N mice do not contain detectable levels of immunoreactive p53 in their villus enterocytes either prior to irradiation or 4 ± 24 h after receiving 6 ± 12 Gy (Figure 2d and data not shown). In nonirradiated Fabpi-SV40 TAg Wt mice, p53 can be detected in 6.3+1.6% of distal jejunal villus enterocytes ( Figure  2e ). The number of positive cells increases ®vefold to 31.8+2.6% within 4 h after irradiation (Figure 2f ). The speci®city of the p53 immunostaining was veri®ed by examining irradiated Fabpi-SV40 TAg Wt mice homozygous for a p53 null allele (Figure 2g ).
SV40 TAg
Wt is known to bind, stabilize, and inactivate p53 (Oren et al., 1981; Reich et al., 1983) . Therefore, one explanation for the failure of IR to augment apoptosis in cycling, SV40 TAg Wt producing, villus enterocytes is that there is no functional (unbound) pool of p53 to mediate such a response. To examine this issue, we utilized SV40 TAg D122 to 708 , a truncation mutant that contains the N-terminal 121 residues of the viral oncoprotein but lacks its Cterminal 587 amino acids. The mutant is able to bind pRB and related pocket proteins but cannot interact with p53 (Srinivasan et al., 1989) .
Fabpi-directed expression of SV40 TAg ) or both TAg Wt and Kras V12 in their villus enterocytes received no (0) or 6 Gy of IR. Normal nontransgenic littermates were treated in an identical fashion. Animals then were sacri®ced 4 or 24 h later. Apoptotic cells were de®ned using the TUNEL assay and morphologic criteria (n=3 ± 10 mice/genotype/dose/time point). The total number of apoptotic cells present in a minimum of 600 longitudinally sectioned distal jejunal villi/animal was divided by the total number of villi scored to determine the average number of apoptotic cells per individual villus section. This value was then divided by the average number+s.e. of apoptotic cells/individual villus section in agematched nonirradiated FVB/N littermate controls, and the results plotted as`fold-dierence'. (b) The eects of 6 Gy irradiation on apoptosis in Fabpi-SV40 TAg Wt mice homozygous for a p53 null allele lower and there are tenfold fewer BrdU-positive cells/ villus section. Note in an earlier report (Kim et al., 1994) , we observed that the number of S-phase cells is similar in the villi of Fabpi-SV40 TAg Wt and Fabpi-SV40 TAg D122 to 708 mice. That report used a dierent pedigree of Fabpi-SV40 TAg Wt mice (pedigree 48) than we used in this current report (pedigree 103). The same Fabpi-SV40 TAg D122 to 708 pedigree was employed for both studies (pedigree 18). Quantitative Western blot analysis of distal jejunal protein extracts disclosed that the steady state molar concentration of SV40 TAg D122 to 708 is fourfold greater in pedigree 18 animals than the molar concentration of SV40 TAg Wt in pedigree 48
Fabpi-SV40 TAg Wt mice (Kim et al., 1994) . In contrast, the steady state molar concentration of SV40 TAg Wt in the distal jejunum of pedigree 103 animals is fourfold higher than in pedigree 48 Fabpi-SV40 TAg Wt mice and, therefore, equivalent to the level of SV40 TAg D122 to 708 in pedigree 18 animals (n=4 P42 mice/pedigree; data not shown plus Coopersmith et al., 1997) .
SV40 TAg D122 to 708 does not produce a statistically signi®cant enhancement of apoptosis in nonirradiated distal jejunal villus enterocytes ( Figure 1a) . Moreover, there is no stimulation of apoptosis after 6 or 12 Gy of IR ( Figure 1a plus data not shown). These observations are consistent with the notion that p53 is not Wt mouse homozygous for a null allele of the p53 gene. No villus epithelial p53 is detectable, establishing the speci®city of the immunoreactivity seen in e and f. (h) and (i) Low power (h) and high power (i) views of a formalin-®xed distal jejunal villus from a p53 +/+ Fabpi-SV40 TAg Wt mouse that had been given 6 Gy of IR 4 h prior to sacri®ce. The section was incubated with anity puri®ed rabbit antibodies to Bcl-x, Cy3-conjugated donkey anti-rabbit Ig, and the nuclear stain bis-benzimide. Levels of Bcl-x increase co-incident with the exit of epithelial cells from the crypt (arrow in h=crypt-villus junction) and remain constant as enterocytes complete their migration to the villus tip (i). Immunoreactive protein is located in the cytoplasm (nuclei appear blue) and co-localizes with a mitochondrial marker, cytochrome oxidase subunit I (data not shown). A similar crypt-villus distribution of this protein was noted in irradiated and nonirradiated normal and transgenic littermates (data not shown). Western blots established that 499% of the immunoreactive Bcl-x in the jejunum of these animals is Bcl-x L . Bars=25 mm responsible for the fact that IR is an ineective stimulus for inducing apoptosis in cycling villus enterocytes.
Studies in bi-transgenic mice indicate that cycling dysplastic villus enterocytes do not undergo IR-induced apoptosis
Fabpi-directed expression of an oncogenic form of human K-ras (K-ras Val12 ) produces no eects on the proliferative status, state of dierentiation, or death program of nonirradiated or irradiated villus enterocytes (Kim et al., 1993; Coopersmith et al., 1997 ; Figure 1a and data not shown).
Crosses of FVB/N Fabpi-K-ras Val12 and FVB/N Fabpi-SV40 TAg Wt mice revealed that co-expression of these two oncoproteins causes dysplasia (Kim et al., 1993) as well as an enhancement of the apoptosis induced by SV40 TAg Wt (Figure 1a) . The enhanced apoptosis cannot be ascribed to a further augmentation of proliferation (steady state levels of cdk2 and cdk4 in the distal jejunum are indistinguishable by Western blotting in Fabpi-SV40 TAg Wt and SV40 TAg Wt X Kras Val2 animals), or to a further augmentation of SV40 TAg Wt expression (also de®ned by Western blotting; Coopersmith et al., 1997) . Crosses to p53 7/7 animals established that the dysplasia and the augmentation of apoptosis do not require p53 (Coopersmith et al., 1997) . The enhancement of apoptosis observed in nonirradiated bi-transgenic mice establishes that villus enterocytes are capable of additional stimulation of their death program above the level produced by SV40 TAg Wt alone. These bi-transgenic animals were used to determine whether altering proliferative status and the state of dierentiation would render villus enterocytes sensitive to IR-induced apoptosis. P42-60 FVB/N mice containing Fabpi-SV40 TAg Wt alone or this transgene plus Fabpi-K-ras Val12 received 6 Gy or 12 Gy of IR and were then sacri®ced 4 h or 24 h later. Cell cycle analysis showed the same quantitative alterations in S-and Mphase cells in the distal jejunal villi of single transgenecontaining and bi-transgenic animals (data not shown). However, IR failed to produce a statistically signi®cant change in the degree of villus apoptosis in bi-transgenic mice at both doses and at both time points (Figure 1a plus data not shown).
Radioresistance and the distribution of mediators of apoptosis along the crypt-villus axis
We and others have found (Krajewski et al., 1994a, b; Coopersmith et al., 1997 ) that dierentiation of the enterocytic lineage in nonirradiated normal adult FVB/ N mice is associated with an upregulation of two antiapoptotic regulators, Bcl-2 (Bakhshi et al., 1985; Tsujimoto et al., 1985; Cleary and Sklar, 1985) and Bcl-x L (Boise et al., 1993) , plus a silencing of expression of a pro-apoptotic mediator, Bak (Farrow et al., 1995; Kiefer et al., 1995; Chittenden et al., 1995) . Immunohistochemical methods were used to compare the distributions of these proteins in FVB/N normal, Fabpi-SV40 TAg Wt , and bi-transgenic animals that received no IR or were treated with doses of 6 or 12 Gy, 4 or 24 h prior to sacri®ce. There were no detectable dierences between nonirradiated and irradiated normal and transgenic mice: Bcl-2 and Bcl-x L were expressed along the length of the radioresistant villus while Bak was con®ned to the radiosensitive crypt (Figure 2h, i plus data not shown) .
Western blots of jejunal extracts prepared from normal and transgenic animals con®rmed that 6 Gy of whole body IR produces no changes in the steady state levels of Bcl-2, Bcl-x L , or the pro-apoptotic mediator Bax (Oltvai et al., 1993) at either the 4 h or 24 h time points (n=3 mice/genotype/time point) (Figure 3) .
The serine-threonine kinase, Raf-1, has recently been found to be induced in cultured human laryngeal squamous carcinoma cells following IR (Kasid et al., 1996) . In normal, nonirradiated FVB/N mice, Raf-1 is expressed at equivalent levels in epithelial cells distributed along the length of jejunal crypt-villus units (Coopersmith et al., 1997) . Immunohistochemical and Western blot analyses of nonirradiated animals have shown that this cellular pattern is not aected qualitatively or quantitatively by any of the transgenes listed above (Coopersmith et al., 1997) . Western blots of distal jejunal protein extracts, prepared from Fabpi-SV40 TAg Wt mice and their normal littermates 4 and 24 h after receiving 6 Gy, revealed a reproducible twofold increase in Raf-1 at both time points in both groups of mice (Figure 3 ; n=2 ± 3 animals/genotype/dose/time point; three independent experiments). This increase is not accompanied by a detectable change in the cellular pattern of Raf-1 expression (data not shown).
The IR-induced, p53-dependent apoptosis observed in small intestinal crypts is augmented by SV40 TAg
Wt expression in villus enterocytes
In normal nonirradiated P42-60 FVB/N mice, an average of one apoptotic cell is detectable by TUNEL assay or morphologic criteria per ten distal jejunal crypt sections. There are no statistically signi®cant dierences in the frequency of crypt apoptosis between nonirradiated normal animals ( Figure 4a) Normal FVB/N mice exhibit an average 32-or 42-fold increase in crypt apoptosis after receiving 6 Gy or 12 Gy of IR. There are no statistically signi®cant dierences in the magnitude of the increase 4 h or 24 h after IR (Figure 5a plus data not shown). As with other strains of mice , the apoptotic response is con®ned largely to the lower half of crypts. The response is p53-dependent. For example, 4 h after p53 +/+ mice receive 6 Gy of IR, the average number of apoptotic cells per individual distal jejunal crypt section is 3.2+0.5. The value in p53 7/7 mice is 30-fold lower (0.11+0.03 cells/section; P50.05).
Remarkably, expression of SV40 TAg Wt in villus enterocytes enhances the apoptotic response to IR in crypts, even though, as shown in Figure 2c , the viral oncoprotein is not detectable in crypt epithelial cells. Four hours after a dose of 6 Gy, the mean number of apoptotic cells/distal jejunal crypt section is 5.5+0.42 in Fabpi-SV40 TAg Wt mice compared to 3.2+0.5 in their age matched normal littermates (Figure 5a ; n=5 ± 10 mice/genotype; P50.05). The dierences Figure 5a ).
Three observations indicate that the degree to which wild type and mutant SV40 TAgs can stimulate proliferation of villus enterocytes correlates with their ability to enhance IR-stimulated crypt apoptosis. First, P42-60 FVB/N transgenic animals belonging to two pedigrees ± one expressing SV40 TAg Wt in their villus enterocytes and the other equivalent levels of SV40 TAg K107/8 ± were given 6 or 12 Gy of whole body IR. As noted above, SV40 TAg K107/8 cannot bind pRB and is unable to induce villus enterocytes to re-enter the cell cycle or to undergo increased apoptosis. Irradiation of Fabpi-SV40 TAg K107/8 mice produces a level of distal jejunal crypt apoptosis equal to that observed in their normal FVB/N littermates, and signi®cantly (P50.05) lower than in mice producing SV40 TAg Wt (Figure 5a ). Second, mice expressing equivalent levels of SV40 TAg D122 to 708 in their enterocytes exhibit signi®cantly lower levels of villus proliferation than SV40 TAg Wt animals (see above), and do not manifest a statistically signi®cant enhancement of crypt apoptosis after IR (Figure 5a ). Third, nonirradiated bi-transgenic mice have equivalent levels of distal jejunal villus enterocytic proliferation as their nonirradiated Fabpi-SV40 TAg Wt littermates but signi®cantly greater levels of villus apoptosis. The levels of crypt apoptosis following IR of these two groups of mice are virtually identical (Figure 5a ), suggesting that the degree of villus enterocytic proliferation, rather than the level of villus apoptosis, operates through a longrange signaling pathway to modulate the crypt response to IR.
Comparison of nonirradiated and irradiated p53 +/+ and p53
7/7
Fabpi-SV40 TAg Wt transgenic mice established that the enhancement of crypt apoptosis requires p53 (Figure 5b ). Further evidence for the involvement of p53 in this signaling pathway comes from the results of immunohistochemical studies. An average of one p53-positive epithelial cell is detectable
Bcl-x L Actin Raf-1 Figure 3 Comparison of the steady state levels of Bcl-x L , Bcl-2, Bax, and c-Raf-1 in distal jejunal extracts prepared from nonirradiated and irradiated p53 +/+ Fabpi-SV40 TAg Wt mice. Total jejunal proteins (75 mg/sample) were fractionated by SDS ± PAGE. Replicate Western blots of the gels were probed with antibodies to the indicated proteins. Lanes 1, samples from a nonirradiated animal. Lanes 2, samples prepared from an animal that had received 6 Gy 4 h prior to sacri®ce. Lanes 3, samples prepared from a mouse that had received 6 Gy 24 h earlier. The actin results were obtained from the same blot that had been probed with anity puri®ed c-Raf-1 antibodies and are shown to con®rm equivalent quantities of transferred protein per lane. Note that similar actin controls were performed for the blots that had been probed with anity puri®ed antibodies to mouse Bcl-x L , Bcl-2, and Bax (data not shown) , and SV40 TAg Wt X Kras Val12 mice (data not shown). In agreement with previous reports with other strains , IR of normal FVB/N mice results in an induction of p53 expression in epithelial cells located at or near the crypt base (Figure 4c) . A similarlypositioned induction occurs in irradiated Fabpi-SV40 TAg K107/8 animals (data not shown). However, Fabpi-SV40 TAg Wt animals respond to irradiation by producing a more marked, global increase in p53 expression aecting cells located in the lower and upper halves of their crypts (Figure 4d ).
Discussion
The exquisite radiosensitivity of crypt epithelial cells makes the gut a major limiting factor in the therapeutic use of radiation for treatment of abdominal cancers . During the 24 ± 48 h it takes for epithelial cells to migrate from the crypts of the mouse small intestine to the base of adjacent villi, they lose their ability to undergo apoptosis in response to IR. Understanding the origins of the radioresistant phenotype of these villus epithelial cells may provide new strategies for protecting the crypt epithelium of humans from IR-stimulated death. For many cell lineages, proliferative status is closely linked to their ability to undergo apoptosis in response to IR (Dewey et al., 1995) . Our results indicate that the radioresistant phenotype of villus enterocytes cannot be simply ascribed to their cell cycle arrest. Remarkably, the proliferative status of villus enterocytes aects the magnitude of IR-stimulated apoptosis in the crypt epithelium.
The radioresistant phenotype of villus enterocytes cannot be ascribed to their cell cycle arrest
As noted in the Introduction, previous studies of normal mice indicate that the apoptotic response to IR diminishes rapidly as cells move up through the transit cell zone of the crypt, even though this is the area where proliferation is greatest. Apoptotic responsiveness is extinguished completely by the time that cells arrive at the crypt-villus junction (Potten, 1992; Potten et al., 1994) . When we attempted to create a less dierentiated villus epithelium through co-expression of SV40 TAg Wt and K-ras
Val12
, there was no shift towards apoptotic responsiveness to IR: dysplastic cycling enterocytes distributed from the base to the apex of the villus remained radioresistant. These ®ndings suggest that the enterocyte's radioresistant phenotype may re¯ect, at least in part, the in¯uence of extracellular signals that are received once they are on the villus. In other words, regional dierences in expression of cell survival factors along the cryptvillus axis could create`environmental' dierences that in¯uence apoptotic responsiveness. For example, integrin-dependent signaling from the extracellular matrix is known to aect survival in a number of systems (Ruoslahti and Reed, 1994; Pullan et al., 1996) . Using sensitive tyramide signal ampli®cation immunohistochemical detection methods, we have found that among the VLA family of epithelial-derived integrins, VLA-5 (a 5 b 1 ) and VLA-6 (a 6 b 1 ) are produced by crypt and villus enterocytes, while VLA-3 expression (a 3 b 1 ) is +/+ transgenic mice and their age-matched normal littermates received 6 Gy 4 or 24 h prior to sacri®ce. Apoptotic cells were scored in distal jejunal crypt sections as described in the legend to ®gure 1 (n=3 ± 10 mice/genotype/ dose/time point) and expressed as an average (+s.e.) fold-increase relative to nonirradiated normal littermates. (b) Evidence that the augmentation of apoptosis seen in Fabpi-SV40 TAg Wt crypt apoptosis is p53 dependent. The level of apoptosis in the irradiated crypts of p53 7/7 transgenic mice is comparable to that observed in nonirradiated transgenic animals homozygous for a wild type p53 allele limited to the villus in normal animals (Coopersmith et al., 1997) . While we are not proposing that VLA integrins are determinants of radiosensitivity, we are suggesting that regional dierences in the extracellular milieu exist along the crypt-villus unit and may contribute in an important way to the ability of enterocytes to undergo apoptosis after exposure to IR.
It is also important to emphasize that the villus milieu does not absolutely prohibit enterocytes from undergoing apoptosis after exposure to stimuli other than IR. Disrupting adhesive contacts between enterocytes and adjacent cells through Fabpi-directed expression of a dominant negative cadherin mutant results in a pronounced apoptotic response in the middle and upper thirds of the villus (Hermiston and Gordon, 1995) . Moreover, as noted above, enterocytes distributed along the length of the villus can be induced to undergo apoptosis by SV40 TAg-stimulated, pRB-dependent re-entry into the cell cycle. Thus activation with the`proper' stimulus can lead to the demise of immature as well as mature epithelial cell populations on the villus.
It is possible that the radioresistance of cycling SV40 TAg Wt enterocytes is due to prior activation of the (p53-independent) apoptotic program initiated by their pRB-dependent cell cycle re-entry, and that such activation is predominant, precluding activation of a distinct, or even overlapping, IR-initiated apoptotic program. Arguing against this notion is the fact that only a small fraction of villus enterocytes (52%) are undergoing SV40 TAg The crypt-villus distributions of Bcl-x L , Bcl-2, and Bak mirror the radioresistance of the villus and radiosensitivity of the crypt. However, it is unclear whether this correlation has any mechanistic significance. We were unable to detect any change in the steady state levels or cellular distributions of Bcl-x L and Bcl-2 in the small intestine following IR of normal or transgenic mice, nor were there any appreciable alterations in the steady state concentration of Bax. The eects of IR on the intestine of adult BAX 7/7 mice (Knudson et al., 1995) have not been reported. Mice homozygous for a null allele of BCL-X die by embryonic day 13 (Motoyama et al., 1995) , prior to initial cytodierentiation of the gut endoderm during late fetal life, and well before completion of the morphogenesis of crypt-villus units at the end of the second postnatal week (Calvert and Pothier, 1990) . This obviously precludes an analysis of the eects of removing Bcl-x L from the intestinal epithelium on IRstimulated apoptosis. BCL-2 7/7 mice have no alterations in their small intestinal apoptotic response to IR (Merritt et al., 1995) , indicating that Bcl-2 must not be the sole determinant of the rapid transition from radiosensitivity in the crypt to radioresistance on the villus.
pRB-dependent re-entry of villus enterocytes to cell cycle increases the radiosensitivity of crypts Perhaps the most unexpected ®nding of the present study is the observation that re-entry of villus enterocytes to cell cycle increases the radiosensitivity of crypts. This eect on apoptosis is only manifest after IR: there are no dierences in basal crypt apoptosis between nonirradiated transgenic mice and their normal littermates. The apparent cross-talk between the villus and crypt epithelium is dependent upon reaching a critical level of proliferation in villus enterocytes; (i) SV40 TAg K107/8 cannot bind pRB, is unable to produce villus cell cycle re-entry, and has no eect on crypt apoptosis following IR; (ii) the truncation mutant, SV40 TAg D122 to 708 , can bind pRB but causes a more modest proliferative response in villus enterocytes and is not associated with any alterations in the radiosensitivity of the crypt; (iii) SV40 TAg
Wt produces a greater proliferative response than the truncation mutant and is able to eectively signal the crypt to increase its apoptosis.
The apoptotic response of the crypt does not appear to re¯ect the basal level of apoptosis on the villus: coexpression of K-ras Val12 and SV40 TAg Wt in villus enterocytes does not change the magnitude of the IRinduced apoptosis in the crypt over that produced by SV40 TAg Wt alone, despite the fact that co-expression is associated with an augmentation in basal villus apoptosis.
Like the normal crypt response to IR, this villusderived enhancement of IR-stimulated crypt apoptosis is associated with an induction of p53 and is dependent upon p53. Unlike the normal crypt response to IR, the induction of p53 involves cells distributed throughout the crypt and the apoptotic response is not con®ned to the lower half of the crypt. This enhancement of IRstimulated crypt apoptosis can be viewed as a p53-dependent expansion of the zone of radiosensitivity up towards but not including the villus, involving epithelial cells without detectable SV40 TAg expression as de®ned by the most sensitive immunohistochemical detection methods currently available.
What are the potential downstream eectors of this p53-dependent phenomenon? Exposure of a variety of cultured cell lines to IR results in p53-mediated activation of BAX and BCL-X L and suppression of BCL-2. The rapid but transient induction of BCL-X L has been postulated to curtail the severity and duration of BAX-promoted apoptosis (Zhan et al., 1996) . As noted above, we noted no change in the cellular distributions of Bcl-2 or Bcl-x L or in the steady state levels of these proteins and Bax in irradiated Fabpi-SV40 TAg Wt crypts. Kitada et al. (1996) noted that levels of immunoreactive Bax increase in the crypts of normal C57B1/6 mice following 8 Gy of g-irradiation. Unfortunately, we have been unable to make any conclusions about changes in the distribution of Bax in our irradiated FVB/N transgenic mice. Two dierent anity-puri®ed Bax antibody preparations raised against peptides spanning residues 43 ± 61 react with an appropriately sized 21 kDa protein in Western blots of jejunal extracts prepared from nonirradiated normal BAX +/+ but not BAX 7/7 animals. However, these antibodies produce a similar pattern of immunostaining in the crypts of both types of animals that was blocked in each case by preincubation of the antibodies with the peptide antigen. Immunoreactive Bax, or protein with a shared epitope, is present in high levels in long-lived Paneth cells located at the crypt base, is undetectable in the upper and middle thirds of the crypt, and is present at low levels in enterocytes distributed from the base to the tip of villi. This pattern did not change after IR of normal or Fabpi-SV40 TAg Wt animals. Raf-1 may help mediate the crypt's apoptotic response to IR. Studies of cultured cells suggest that Raf-1, which plays a central role in the mitogenactivated kinase signaling pathway, may operate downstream of Ras and upstream of Bcl-2 to promote apoptosis (Wang et al., 1994; Blagosklonny et al., 1996; Chen and Faller, 1996) . Bcl-2 and Raf-1 co-immunoprecipitate (Wang et al., 1994) , although currently there is no evidence that Raf-1 functions to phosphorylate Bcl-2 (see Gajewski and Thompson, 1996 for a discussion of whether Bcl-2 phosphorylation leads to its inactivation). As noted above, Kasid et al. (1996) found that tyrosine phosphorylation of Raf-1 increases 2 ± 3-fold following irradiation of human laryngeal squamous carcinoma cells. We found that there is a twofold increase in Raf-1 levels 4 and 24 h after irradiation in normal and transgenic animals without a discernible change in its crypt-villus distribution. This increase cannot be dismissed as a simple marker for increased apoptosis, regardless of the stimulus. For example, there are no dierences in Raf-1 levels in jejunal extracts prepared from age-matched, nonirradiated FVB/N normal, Fabpi-SV40 TAg Wt , and SV40 TAg Wt X K-ras Val12 mice even though there are 3 ± 8-fold dierences in the levels of apoptosis within their villus enterocytes (Coopersmith et al., 1997) .
Prospectus
The observation that signals initiated by pRBdependent cycling of villus enterocytes can be transmitted to the crypt epithelium to induce p53 and in¯uence IR-induced apoptosis reveals a communication between the villus and crypt which, heretofore, has been dicult to expose. The demonstration of such communication in this model has general as well as speci®c implications. The general implication is that cross-talk between the villus and the crypt may be a general feature of crypt-villus units that needs to be understood in order to appreciate how normal epithelial homeostasis is maintained and how certain pathologic responses are generated. The speci®c implication is that identifying the upstream and downstream signaling pathways which underlie this cross talk between cycling villus enterocytes and the crypt epithelium may provide important clues about the determinants of a normal crypt's radiosensitivity and how to modify it for therapeutic bene®t. FVB/N Fabpi-SV40 TAg Wt mice and their normal littermate controls represent a starting point for genetic and biochemical studies designed to explore these issues.
Materials and methods
Production and maintenance of transgenic mice FVB/N transgenic mice containing nucleotides 71178 to +28 of rat Fabpi linked to SV40 TAg Wt , SV40 TAg D122 to 708 (mutant Dl1137 in Pipas et al., 1983) , SV40 TAg K107/8 (mutant 3213 in Chen et al., 1992) , or human K-ras Val12 , are described in previous publications. Fabpi-SV40 TAg Wt animals were from pedigree 103 (Hauft et al., 1992; Kim et al., 1993) . Fabpi-SV40 Tag D122 to 708 mice were from pedigree 18 (Kim et al., 1994) . Fabpi-SV40 TAg K107/8 animals were from pedigree 61 (Chandrasekaran et al., 1996) . Fabpi-Kras Val12 mice were from pedigree 73 (Kim et al., 1993) . All pedigrees were maintained by crosses to normal FVB/N littermates. Fabpi-SV40 TAg Wt mice were crossed to Fabpi-K-ras Val12 animals to generate bi-transgenic mice. Animals were genotyped using PCR (Kim et al., 1993 (Kim et al., , 1994 Chandrasekaran et al., 1996) . C57B1/6 p53 +/+ and p53
animals were purchased from GenPharm International. FVB/N Fabpi-SV40 TAg Wt transgenic mice and their normal littermates were crossed to C57B1/6 p53 +/+ and C57B1/6 p53 7/7 animals to generate animals homozygous for p53 wild type or null alleles and comparable FVB/N and C57B1/6 contributions to their genetic backgrounds.
All animals were maintained in microisolator cages under a strict light cycle and given a standard irradiated chow diet (PicoLab rodent diet 20, PMI Feeds) ad libitum. Routine screens for Hepatitis, Minute, Lymphocytic Choriomeningitis, Ectromelia, Polyoma, Sendai, Pneumonia, and mouse adeno-viruses, enteric bacterial pathogens, and parasites were negative.
Irradiation
P42 to 60 transgenic mice and their normal littermates received a total dose of 6 Gy or 12 Gy at a rate of 0.94 Gy/ min using a Gammacell 40 irradiator equipped with a 137 Cs source (Atomic Energy of Canada, Ltd.). Animals were sacri®ced 4 h or 24 h later.
Characterization of mice
Quantitation of apoptosis After transgenic mice and their normal littermates had been sacri®ced by decapitation, their small intestines were removed immediately (n=3 ± 10 animals/genotype/time point/irradiation dose). A 2 cm segment was taken at the junction of the proximal and distal halves of their small bowel and frozen in liquid nitrogen for subsequent analysis of steady state levels of regulators of the cell cycle and apoptosis (see below). The distal half of the intestine was then opened along the length of its cephalocaudal axis, washed brie¯y in 10% buered formalin (Baxter), ®xed in the same solution for 4 h at 238C, and then rolled up from its proximal to distal end. The resulting`Swiss roll' was cut in half, parallel to its cephalocaudal axis, and placed in a tissue cassette with the cut edge of one-half facing down and the cut edge of the other half facing up. After embedding in paran, serial 5 mm thick sections were prepared.
Apoptotic cells were scored in adjacent sections using the terminal deoxynucleotidyltransferase (TdT) mediated, dUTP nick end labeling (TUNEL) assay, and by their morphologic appearance after staining with hematoxylin and eosin (Wyllie et al., 1980; Gavrieli et al., 1992; Hall et al., 1994) . Incorporation of digoxigenin-labeled dUTP was detected using peroxidase-conjugated sheep anti-digoxigenin Fab fragments (Boehringer Mannheim, diluted ratio 1 : 500 in PBS-blocking buer) and the Vector VIP kit (Vector Laboratories). Sections were counterstained with methyl green (Zymed). All slides were scored in a blinded fashion. A minimum of 200 well-oriented crypt-villus units from the proximal half of the distal small intestine (de®ned as distal jejunum) were scored per section. At least three sections were surveyed/mouse. The total number of apoptotic cells present in 5600 longitudinally sectioned villi or 5600 longitudinally sectioned crypts were then divided by the total number of villi or crypts scored to arrive at the average number+s.e. of apoptotic cells per single villus or single crypt section.
Statistical analysis was performed using Student's t-test (SigmaPlot).
Quantitation of S-phase and M-phase cells Small intestines were removed from transgenic animals and their normal littermates that had been irradiated 4 h earlier and had been given an intraperitoneal injection of 5-bromo-2'deoxyuridine (BrdU; Sigma; 120 mg/kg body weight) 90 min before sacri®ce. The distal halves of their small intestines were ®xed in Bouin's solution for 6 ± 12 h at 238C. Swiss rolls were prepared and embedded in paran. Serial sections (5 mm) were cut and stained with hematoxylin and eosin or with goat anti-BrdU . The number of M-phase and S-phase cells were de®ned in adjacent sections (n=40 well-oriented crypt-villus units/ section; two sections/mouse; three animals/genotype).
Immunohistochemical studies
Irradiated and nonirradiated FVB/N mice containing zero, one, or two transgenes (n=3 ± 8 animals/genotype/treatment group) were sacri®ced as above with or without BrdU labeling. The intestine was removed en bloc,¯ushed with PBS, and ®xed in Bouin's solution for 6 ± 12 h or buered 10% formalin for 4 h. Sections were prepared from paran-embedded Swiss rolls of the distal small intestine. All immunohistochemical manipulations were performed using the MicroProbe system (Fisher Biotech). Fixed sections were deparanized in xylene, rehydrated, and directly stained or subjected to one of two antigen unmasking protocols: (i) a 4 min incubation at 378C in type II bovine pancreas a-chymotrypsin (Sigma; speci®c activity=50 units/mg; ®nal concentration=1 mg enzyme/ mL of 7 mM CaCl 2 , pH 7.8); or (ii) microwaving in 10 mM sodium citrate, pH 6.0 for 10 min at the maximum power setting of a 750 watt machine. Sections were washed in PBS, placed in histo-blocking buer (bovine serum albumin (1% wt/vol) Triton X-100 (0.3%), powdered skim milk (0.2%) in PBS) for 15 min at 238C, followed by an overnight incubation at 48C with one of the following antibodies: (i) anity puri®ed rabbit anti-mouse Bcl-2 (speci®city=residues 4 ± 21 of the protein; ®nal dilution in PBS blocking buer=1 : 500; source=Santa Cruz Biotechnology); (ii) anity puri®ed rabbit anti-mouse Bcl-x (residues 2 ± 19; 1 : 500; Santa Cruz); (iii) mouse mAbs to Bak that react with the orthologous mouse and human proteins (1 : 100; Calbiochem); (iv) anity puri®ed rabbit anti-mouse Bax (residues 43 ± 61; 1 : 500; one preparation kindly provided by Dr Stan Korsmeyer, Washington University; the other from Santa Cruz); (v) anity puri®ed rabbit anti-Raf-1 (residues 629 ± 648; 1 : 250; Santa Cruz); (vi) anity puri®ed rabbit anti-mouse cdk2 (residues 283 ± 298; 1 : 500; Santa Cruz); (vii) anity puri®ed rabbit anti-mouse cdk4 (residues 282 ± 303; 1 : 500; Santa Cruz); (viii) goat anti-BrdU (1 : 1000); (ix) rabbit anti-SV40 TAg (1 : 10 000; a gift from Doug Hanahan, Univ. California, San Francisco); and (x) rabbit antimouse p53 (1 : 1000; Novocastra). Formalin-®xed sections were used to identify Bcl-2, Bax, Bak, Bcl-x, c-raf-1, p53, cdk4, and cdk2. BrdU and SV40 TAg were identi®ed in Bouin's-®xed sections.
SV40 TAg and p53 were detected using the tyramide signal ampli®cation system (NEN Life Sciences). Antigen-antibody complexes were bound with horseradish peroxidase-labeled goat anti-rabbit IgG (Kierkegaard and Perry, 1 : 100) and visualized with biotinyl tyramide and ExtrAvidin-indocarbocyanine (Cy3) conjugate (1 : 500; Sigma) according to the protocol developed by NEN Life Sciences.
All other antigen-antibody complexes were detected using indocarbocyanine (Cy3)-labeled donkey anti-rabbit immunoglobulins (Ig; 1 : 500; Jackson Immunoresearch),¯uorescein isothiocyanate (FITC)-labeled donkey anti-goat Ig (1 : 100; Jackson Immunoresearch), or Cy3-sheep anti-mouse Ig (1 : 500; Jackson Immunoresearch). Nuclei were stained with bis-benzimide (0.05 mg/mL PBS; Sigma).
Blocking controls were performed by pre-incubating the various primary antibodies with a tenfold weight excess of their peptide antigens overnight at 48C and then applying them to sections.
Western blots
Proteins were extracted from the 2 cm segment taken from the junction of the proximal and distal halves of the small intestine (see above). The segments were lyophilized, pulverized, and resuspended in extraction buer (50 mg lyophilized tissue/mL extraction buer; extraction buffer=40 mM Tris (pH 6.8), 2% 2-mercaptoethanol, 1% SDS, 5% glycerol, 10 mM EDTA, 50 mg/mL aprotinin, 50 mg/mL leupeptin, 500 mg/mL Pefabloc, and 10 mg/mL pepstatin A). Samples were then boiled for 5 min and insoluble debris was removed by centrifugation for 3 min at 12 000 g. The protein concentrations of the supernatants were determined using the DC Protein Assay kit (BioRad). Cellular proteins (75 mg/sample) were fractionated by SDS ± PAGE (Laemmli, 1970) and electrophoretically transferred to polyvinylidene di¯uoride membranes (Amersham). Membranes were stained with Ponceau Red to verify transfer of samples. Blots were pre-incubated in blocking buer (1% gelatin, 0.2% Tween-20 in PBS) for 1 h at 238C and then incubated in this buer for 2 h at 238C with the following members of the antibody panel listed above (all diluted 1 : 500): (i) anti-Bcl-2; (ii) anti-Bax; (iii) anti Bcl-x; (iv) anti-Raf-1; (v) anti-cdk2; and (vi) anticdk4. Antigen-antibody complexes were visualized with alkaline phosphatase-conjugated secondary antibodies and a chemiluminescent substrate (Western Light 1 kit; Tropix). Blocking controls were performed by pre-incubating antibodies with their corresponding peptide antigens as above.
Blots were stripped by incubation in blocking buer for 10 min at 238C followed by a 30 min incubation at 708C in a solution containing 6 mM Tris, pH 6.8, 2% SDS, and 0.7% b-mercaptoethanol. The stripped plots were washed four times in PBS (5 min/cycle at 238C) followed by an overnight incubation in blocking buer. They were then re-probed with rabbit anti-actin (1 : 5000; Sigma).
Exposed ®lms of the blots were scanned with a laser densitometer. Actin was used as the reference standard for each sample. Only signals in the linear range of intensity were considered when computing the steady state levels of apoptotic regulators.
